Abstract Cells rely on a complex, interconnected network of signaling pathways to sense and interpret changes in their extracellular environment. The development of genetically encoded fluorescent protein (FP)-based biosensors has made it possible for researchers to directly observe and characterize the spatiotemporal dynamics of these intracellular signaling pathways in living cells. However, detailed information regarding the precise temporal and spatial relationships between intersecting pathways is often lost when individual signaling events are monitored in isolation. As the development of biosensor technology continues to advance, it is becoming increasingly feasible to image multiple FP-based biosensors concurrently, permitting greater insights into the intricate coordination of intracellular signaling networks by enabling parallel monitoring of distinct signaling events within the same cell. In this review, we discuss several strategies for multiplexed imaging of FP-based biosensors, while also underscoring some of the challenges associated with these techniques and highlighting additional avenues that could lead to further improvements in parallel monitoring of intracellular signaling events.
Introduction
Cells communicate with their extra-and intracellular environments using signal transduction pathways that relay messages into functional activities. These pathways consist of diverse arrays of tightly controlled biochemical events allowing cells to decipher various stimuli and produce specific responses. A multitude of components are responsible for the distinct biochemical events that take place, including ligands, receptors, channels, G proteins, second messengers, kinases, and phosphatases. The substantial number of components, combined with the fact that many of them participate in more than one signaling pathway and that a plethora of signaling events occur simultaneously within cells, underpins the complex nature of signal transduction. Proper transduction is achieved through temporal regulation and spatial compartmentalization of pathway constituents, permitting signaling events to occur rapidly and specifically, despite the complex cellular milieu. Conversely, dysregulation of signaling pathways contributes to many illnesses, such as cancer, diabetes, cardiovascular disease, inflammatory diseases, and neurodegenerative disorders [9, 22, 30] . A collection of different techniques have been developed to study the behavior of signaling pathways. Traditional biochemical approaches, including immunohistochemical and in vitro assays, frequently rely on fixed or lysed cells and only provide static glimpses into cell signaling, a process that is constantly in flux. Rather, the ever-changing world of dynamic interactions within cells needs to be observed in the native, live cell context. Recently, genetically encoded biosensors have been developed allowing dynamic signaling events to be monitored with high spatial and temporal resolution. Many of these sensors rely on fluorescent proteins (FPs) and can be used to detect a myriad of signaling events, such as post-translational modifications, second messenger accumulation/degradation, enzyme activity, membrane potential, and pH changes in real time within the native cellular environment [45] . Though FP-based genetically encoded biosensors reveal details of signaling dynamics, when they are used separately precise information on the interrelationship between two or more signaling events can become lost, specifically, information that brings to light whether or not certain events are synergistic, antagonistic, upstream, or downstream of one another. To delve into the aforementioned intricacies of signaling networks, investigation as to how various events are coordinated and integrated within cells must occur. Multiplexed visualization of two or more biosensors in the same cell allows more than one biochemical event to be monitored in parallel, thus helping further our understanding of cell signaling.
In this review, we briefly discuss the basic principles governing the use of genetically encoded FP-based biosensors to study intracellular signaling in the native cellular context. We then explore some of the common strategies being used to perform multiparameter imaging with these biosensors, while also offering some perspectives on possible directions for the future of these techniques.
Genetically encoded biosensors for signaling
The ability to study real-time signaling dynamics in living cells has been greatly advanced due to genetically encoded fluorescent biosensors [18, 40, 45] . A series of biosensors have been generated to study a broad assortment of signaling molecules including various phosphoinositides (e.g., PIP 2 , PIP 3 ) [4, 8, 53, [64] [65] [66] , diacylglycerol [53, 66] , Ca 2+ [39, 41, 43, 62] , cAMP [16, 50, 51, 70] , cGMP [26, 44, 52, 57, 59] , nitric oxide [55, 60] , ATP [27] , glucose [13, 17] , several GTPases [6, 29, 42, 69] , a number of kinases [3, 11, 24, 28, 32, 34, 63, 66] , and many more not noted herein. FPbased biosensors feature a modular design that contains two functional units: a sensing unit, which recognizes a specific biochemical event, and a reporting unit, which produces a fluorescent output. The reporting unit consists of either a single FP or a pair of FPs capable of undergoing fluorescence resonance energy transfer (FRET), whereas the sensing unit is typically derived from endogenous cellular proteins.
Translocation-based FP biosensors are composed of a single FP linked to a protein domain that is capable of binding a specific signaling molecule, coupling changes in the concentration of a molecule at a particular locationoften the plasma membrane-to changes in the distribution of biosensor fluorescence within the cell (Fig. 1a) . For example, various pleckstrin homology (PH) domains have been tagged with green fluorescent protein (GFP) to study phosphoinositide dynamics in living cells [23] . These biosensors exhibit an increase in fluorescence at the plasma membrane, along with a corresponding decrease in biosensor fluorescence in the cytoplasm, or vice versa, in response to production or degradation of their target molecule.
Changes in the intensity of biosensor fluorescence can also serve as an alternative readout for FP-based biosensors (Fig. 1b) . For example, the Ca 2+ indicator GCaMP consists of a circular permutant of GFP, in which the native N-and C-termini have been fused together and new termini introduced within the β barrel of GFP. Calmodulin (CaM) is attached to the new C terminus, while the CaM-binding M13 peptide is fused to the new N terminus. Together, CaM and the M13 peptide function as a molecular switch; in the presence of Ca 2+ , CaM binds the M13 peptide, resulting in a conformational change that increases fluorescence intensity [2, 62] .
The conformational change produced by a molecular switch can also be readily used to alter the relative distance and/or orientation of a pair of FPs, leading to changes in (Fig. 1c) . One class of FRET-based biosensors is the kinase activity reporters (KARs). The general design of KARs utilizes a two-component switch, comprised of a kinase-specific substrate peptide and a phosphoamino acid binding domain (PAABD), inserted between a FRET pair. Upon phosphorylation by the kinase of interest, the PAABD binds the phosphorylated residue, inducing a conformational change and altering FRET [12] . Molecular switches can also be derived from intrinsic conformational switches found in native cellular proteins. For example, the calcineurin (CaN) activity reporter (CaNAR) sandwiches a fragment from the N-terminal regulatory domain of the nuclear factor of activated T cells, a specific substrate of CaN, between cyan (CFP) and yellow fluorescent protein (YFP). This domain undergoes an intrinsic conformational change upon dephosphorylation by CaN, which translates into a FRET increase in CaNAR [46] .
A major advantage of using these biosensors is their nondestructive delivery into cells. Additionally, given their reliance on the endogenous cellular machinery for expression, these biosensors can easily be targeted to different subcellular regions, offering a view of local signaling events within discrete environments. For example, Gallegos et al. monitored distinct protein kinase C (PKC) activity dynamics throughout the cell using C kinase activity reporter (CKAR). Specifically, they targeted CKAR to the plasma membrane, mitochondria, cytoplasm, Golgi complex, and nucleus. The various reporters revealed that basal, stimulated, and phosphatase-suppressed PKC activities differ for each subcellular region. Further investigation of these differences indicated that they are controlled by variations in Ca 2+ release, localized DAG production, and the level of phosphatase activity present within each region [19] .
Employing FRET-based biosensors has helped scientists unearth detailed information on many signal transduction pathways. For instance, researchers previously found that mutually negative interactions between the PIP 3 and RhoA GTPase signaling pathways were responsible for governing spontaneous polarization in neutrophils responding to uniform concentrations of a chemoattractant [68] . In cells expressing either a translocation-based PIP 3 biosensor or a FRET-based reporter for RhoA activation, PIP 3 accumulation could be observed at the leading edge of cells, along with the corresponding exclusion of RhoA activity to the back and sides of cells. Similarly, cAMP and cAMPdependent protein kinase (PKA) signaling was recently shown to antagonize the effects of cGMP signaling on dendrite and axon formation. Specifically, cAMP accumulation and PKA activation were found to promote axon growth and inhibit dendrite formation in undifferentiated neurons, whereas heightened levels of cGMP had a reciprocal effect [61] . These and other studies, which capitalize on the use of different biosensors to monitor multiple signaling events, have significantly broadened our understanding of how cells integrate diverse signal transduction pathways. However, far more precise characterization of the interplay between these signaling pathways, such as analysis of kinetic interrelationships, could be afforded by visualizing multiple signaling events within the same cell.
Parallel monitoring of multiple cell signaling events with genetically encoded biosensors Recent advances in FPs, molecular switch development, and imaging equipment provide the opportunity for the concurrent visualization of multiple biochemical processes in living cells. However, there are challenges associated with coimaging that stem from a limited number of spectrally distinct fluorophores, as well as the practical limitations associated with using many filter sets. Despite these limitations, various methodologies can be implemented to work within co-imaging constraints.
Multiplexed imaging with single-fluorophore biosensors
At the very least, parallel imaging of multiple signaling events within a single cell requires the use of two or more biosensors with good spectral separation of their fluorophores. This can be achieved relatively easily using multiple single-fluorophore-based biosensors, as each reporter emits at only a single wavelength. A red fluorescent protein (RFP)-based pH sensor, pHTomato, was recently developed and fused to the vesicle membrane protein synaptophysin (sypHTomato), in order to permit visualization of activitydependent exocytosis of synaptic vesicles [37] . By coimaging sypHTomato with the GFP-based Ca 2+ indicator GCaMP3, expressed in the same cell, it was possible to track neurotransmitter release in parallel with presynaptic Ca 2+ transients occurring within individual nerve termini. Furthermore, co-imaging of sypHTomato and GCaMP3 expressed in different cells enabled simultaneous monitoring of pre-and post-synaptic behaviors between connected neurons.
Using FRET-based biosensors for multiplexed imaging Parallel imaging of multiple signaling events in the same cell is also possible using genetically encoded FRET-based biosensors. By definition, each of these reporters already contains two spectrally distinct fluorophores. This limits the number of spectral FP variants which can be used together in an experiment and presents a somewhat greater challenge for co-imaging. Of particular concern is spectral bleedthrough between FRET pairs with insufficient spectral separation, which in some cases can significantly obscure the signal. Despite this, a number of methods have been devised to allow co-imaging using FRET-based reporters. Below, we focus on co-imaging techniques associated with the most common fluorescence intensity-based FRET measurements.
Spatial separation of biosensors via subcellular localization
A simple strategy for co-imaging multiple FRET-based biosensors involves targeting them to different subcellular regions, thereby spatially separating the reporters within the cell (Fig. 2a) . This largely avoids the problem of spectral bleed-through and, provided the regions are distinct enough to allow the fluorescent signals to be easily distinguished, can be performed using reporters that have spectrally similar FRET pairs. This approach is convenient when investigating how one signaling event affects another, monitoring signaling events in discrete subcellular compartments, and tracing the path of a signaling event as it unfolds through cellular space. Previously, a plasma membrane-localized Epac1-based cAMP biosensor (pmICUE) was co-imaged with a nuclear-localized PKA activity reporter (AKAR-NLS), both of which have a CFP/YFP (CY) FRET pair. These reporters were used to investigate the temporal relationship between the production of cAMP at the plasma membrane and PKA activity in the nucleus. In response to β-adrenergic receptor stimulation, cAMP accumulation at the plasma membrane was instantaneous, while the onset of nuclear PKA activity was delayed by 5-10 min. To determine the source of this delay, pmICUE was co-imaged with ICUE-NLS. In contrast to nuclear PKA, nuclear cAMP accumulates more or less as quickly as plasmalemmal cAMP. This study implies that nuclear PKA signaling following receptor stimulation is temporally controlled by translocation of the catalytic domain of PKA into the nucleus [15, 58] . Similarly, this strategy was used to examine the relative timing of PKC and calcium/ calmodulin-dependent protein kinase IIα (CaMKIIα) activation upon elevation of intracellular Ca 2+ levels. PKC activity was monitored at the plasma membrane using pmCKAR, and CaMKIIα activity was monitored throughout the cytoplasm using CYCaMIIα. Co-imaging of these CY-FRET biosensors showed that PKC activity precedes CaMKIIα activation [56] .
As demonstrated by these studies, concurrent imaging of multiple signaling events can be achieved using spectrally similar FRET-based biosensors. As many biosensors utilize the CY FRET pair, targeting these reporters to distinct subcellular regions provides a convenient method for coimaging that does not require any additional imaging accessories or equipment.
Spectrally distinct fluorophores
Co-imaging using multiple, spectrally distinct biosensors (Fig. 2b) represents a more versatile and generalizable multiplexing strategy, as opposed to relying on identical FRET pairs targeted to distinct locations, especially when the question under investigation involves the temporal relationship of two signaling events in the same cellular compartment. If the individual reporters can be directly distinguished by the imaging equipment, it is possible to visualize multiple signaling events in the same location. Though this approach does require the use of additional equipment beyond standard two-color (i.e., cyan/yellow) FRET imaging, such as added filter sets, it nevertheless serves as a powerful technique for performing multiparameter imaging. Commonly used strategies include imaging a FRET-based biosensor with a single-fluorophore reporter, imaging two FRET-based biosensors with a shared acceptor, and imaging FRET-based biosensors with distinct FRET pairs.
FRET-based biosensor in conjunction with a single-fluorophore reporter Imaging a FRET-based biosensor in parallel with a reporter that utilizes only a single additional fluorophore is the simplest method for performing multiparameter imaging with spectrally distinct biosensors. For example, BKAR, a CY-FRET-based biosensor for monitoring protein kinase B (PKB) activity, was previously co-imaged in conjunction with the PH domain of PKBα fused to RFP, which functions as a PIP 3 biosensor. Concurrent imaging of these two biosensors revealed that the production of PIP 3 at the plasma membrane, which coincides with PKB activation at the membrane, precedes the activation of cytosolic PKB [33] .
Another approach involves co-imaging a FRET-based biosensor with a dye-based fluorescent indicator, such as fura-2, which is a widely used fluorescent Ca 2+ indicator. By co-imaging fura-2 with the CY-FRET-based cAMP biosensor Epac1-camps, Landa and colleagues were able to simultaneously monitor Ca 2+ and cAMP dynamics in MIN6 β cells. They demonstrated a highly coordinated interplay Fig. 2 Representative illustrations of co-imaging strategies using FRET-based biosensors. a Spatial separation of spectrally similar biosensors to co-image signaling dynamics in distinct cellular compartments, e.g., plasma membrane and nucleus. b Spectrally separated biosensors can be used to co-image multiple signaling events in the same region of the cell. One strategy involves using biosensors with distinct FRET donors and a shared acceptor between these second messengers, specifically in the form of Ca 2+ -dependent cAMP oscillations in response to membrane depolarization [36] . Though fura-2 can be successfully co-imaged with CY-FRET-based biosensors, its spectral properties are not ideally suited to this purpose, particularly due to contamination of the FRET channel by the fura-2 signal [21] . One way to avoid this is by co-imaging using Fura red [10, 35] . Using this approach, it was possible to directly observe coupling between histamine-induced PKC oscillations, monitored using pmCKAR, and Ca 2+ oscillations in HeLa cells [66] . Alternatively, fura-2 can be coimaged with a non-CY FRET pair. For example, fura-2 was recently co-imaged with a green/red-FRET-based PKA activity reporter, as well as with a yellow/red-FRET-based cAMP indicator. These studies shed additional light on the interplay between Ca 2+ , cAMP, and PKA in MIN6 β cells, specifically the PKA-mediated potentiation of Ca 2+ influx [47] .
Two FRET pairs with a shared acceptor An additional, simple approach that can be utilized to co-image multiple parameters is to use two spectrally distinct FRET-based biosensors that share a common acceptor. In order to image two FRET pairs with a common acceptor and differentiate FRET between each pair, the individual channels must be acquired sequentially, in rapid succession. Moreover, along with the basic requirement that the donor and acceptor excitation spectra do not overlap, both donors must also not have overlapping excitation spectra. For example, CFP and YFP are already known to fulfill the latter requirement, while RFP offers adequate spectral separation and has been shown to serve as a FRET acceptor for both CFP and YFP (Fig. 3a) . Furthermore, as concomitant imaging of CFP/RFP (CR) and YFP/RFP (YR) FRET pairs only requires the addition of an RFP emission filter to an existing imaging setup, this is a very accessible technique. For example, in order to understand the temporal relationship between the activation of initiator and effector caspases within cells, Kawai et al. generated a YR-FRET biosensor for initiator caspase and a CR-FRET biosensor for effector caspase. Their parallel tracking experiments revealed that initiator and effector caspases are activated virtually simultaneously during TNF-α-induced cell death in HeLa cells [31] . Similarly, this strategy has also been used to investigate the temporal relationship between cAMP and PKA following the stimulation of various receptors in HEK293 cells. Using CR-AKAR to monitor PKA activity and YR-ICUE to monitor cAMP accumulation, we recently revealed that stimulation of EP receptors induces a relatively small, transient increase in cAMP, which corresponds to a large, sustained PKA response. Global β-adrenergic receptor stimulation was also shown to result in sustained PKA activity, though the response appeared to track more closely with the brief burst of cAMP accumulation [5] . In a separate study, a new twist on multiparameter imaging with a shared FRET acceptor was presented with a single-chain, dual-specificity biosensor for parallel tracking of PKA and cAMP dynamics, called Fig. 3 Excitation/emission spectra for various FRET pairs used in coimaging. a CFP and YFP excitation spectra are sufficiently separated, minimizing cross-excitation, while their emission spectra overlap the excitation spectrum of RFP, which serves as a common FRET acceptor. b Despite having distinct excitation and emission maxima, the spectra for OFP and RFP overlap significantly, potentially leading to crossexcitation and contamination of the FRET channel, resulting in a decreased signal-to-noise ratio. OFP is also not well separated from YFP, which may also lead to contamination of CY FRET measurements. c Although the emission spectrum for mAmetrine is virtually identical to that of Citrine, its long Stokes shift allows it to serve as the donor for tdTomato, while Citrine serves as the acceptor for mTFP. However, overlap between the excitation spectra of the two donors leads to significant cross-excitation. In all panels, boxes are shown to illustrate the excitation (ex) and emission (em) filters that were used to image these FRET pairs ICUEPID. This reporter was used to correlate membrane depolarization-induced cAMP and PKA oscillations in MIN6 β cells [47] .
Two spectrally distinct FRET pairs The alternative to using a shared acceptor is to co-image FRET-based biosensors with orthogonal FRET pairs. Given the relatively broad spectra of FP color variants, the principal challenge associated with this technique is the identification of suitable FRET pairs that can be spectrally distinguished. This typically presents the need to tailor the imaging setup to the particular FRET pairs being used. Nevertheless, this technique has been explored for studying cell signaling. For example, a CY-FRET-based Src activity reporter was coimaged with an orange/red (OR)-FRET-based biosensor for membrane type 1 matrix metalloproteinase (MT1-MMP), although the spectral separation between the latter FPs is minimal and thus not ideal for FRET (Fig. 3b) . These biosensors were targeted to the plasma membrane in HeLa cells and used to study the temporal relationship between Src and MT1-MMP activity in response to oncogenic stimulation by epidermal growth factor (EGF). Despite functioning in the same signaling pathway, these enzymes were found to exhibit distinct spatiotemporal activity dynamics. Specifically, upon EGF stimulation, Src activity was immediate, rapid, and dispersed throughout the plasma membrane, whereas MT1-MMP activity increased slowly and was largely confined to the cell periphery [54] .
Other FPs are also being used in FRET pairs for multiparameter imaging. For example, a FRET pair consisting of mAmetrine as the donor and tdTomato as the acceptor was found to be suitable for co-imaging with an orthogonal pair consisting of teal fluorescent protein (mTFP1) as the donor for mCitrine (Fig. 3c) [1] . These two FRET pairs were recently used to simultaneously visualize Ca 2+ in the nucleus and cytoplasm of HeLa cells. Although the reporters were spatially segregated, the nucleus and cytoplasm are not visually distinct when illuminated with the same fluorophores. Therefore, it is necessary to use spectrally distinct biosensors to co-image signaling events within these compartments. In addition, these FRET pairs have also been used for multiparameter imaging within the same subcellular compartment, as shown by concurrent imaging of Ca 2+ dynamics and caspase-3 activity together in the cytoplasm [14] .
It is important to stress, however, that all strategies for multiparameter imaging using spectrally distinct biosensors share certain inherent caveats. Despite the number of FP color variants, it remains challenging to find multiple FRET pairs that can be used to generate biosensors with enough dynamic range to detect physiologically relevant signaling events in cells [5] . For example, orange and red FPs have been found to suffer from poor sensitized emission, regardless of the donor [1] , affecting the dynamic range in emission ratiobased measurements. Even when multiple FRET pairs can be found, the fact that all FPs are characterized by relatively broad excitation/emission spectra poses additional problems for co-imaging. Given the amount of spectrum taken up by each FP, in general no two FRET pairs will be perfectly orthogonal. Although selective filter sets are used during coimaging experiments, cross-excitation of FPs and contamination of emission cannot be fully eliminated. Instead, mathematical correction factors often need to be applied during data analysis. Furthermore, co-imaging two FRET pairs leaves little of the visible spectrum for monitoring additional parameters.
Combining approaches allows visualization of more parameters
At present, parallel imaging of more than two parameters entails combining multiple co-imaging techniques into a single experiment. For example, concurrent imaging of cytosolic CaMKIIα, along with plasma membrane PKC and annexin A4 dynamics, was achieved by combined monitoring of spatially separated CY-FRET-based biosensors for PKC activity and CaMKIIα activation with an OR-FRETbased biosensor for annexin A4 self-association in neuroblastoma cells. Adding Fura red to the cells further enabled tracking of Ca 2+ as well, though this precluded the observation of OR-FRET from the annexin A4 reporter. By instead monitoring the quenching of orange fluorescence directly, the authors were able to overcome this and achieve parallel imaging of four distinct biochemical events [56] . Similarly, a biosensor for cGMP was developed by pairing blue fluorescent protein with a nonfluorescent-YFP quenching acceptor. This reporter was co-imaged with a CY-FRET cAMP biosensor and Fura red, allowing cAMP, cGMP, and Ca 2+ signaling dynamics to be visualized concurrently [49] .
Future perspectives and concluding remarks
Genetically encoded biosensors permit the visualization of a variety of biochemical events within living cells. Parallel imaging of multiple biosensors is increasingly being used to delve into the organization of intracellular signaling networks, providing insights into how cells coordinate and integrate multiple inputs into specific biological outputs. Co-imaging techniques continue to improve, and below we mention several strategies that could lead to more powerful multiparameter imaging.
As discussed above, single-fluorophore-based biosensors are suitable for performing multiparameter fluorescence imaging, either on their own or in conjunction with FRET-based biosensors. Currently, a number of genetically encoded single-fluorophore biosensors have been developed, yet so far these reporters have been predominantly generated for use in monitoring the dynamics of various second messengers and cellular analytes [45, 62] . Furthermore, most of these reporters have, to date, utilized only a limited color palette. Neither of these limitations is inherent to the design of singlefluorophore biosensors, however, as they can be derived from any circularly permuted FP color variant, and their modular architecture can easily accommodate almost any molecular switch. This would allow significantly expanded opportunities for co-imaging of single-fluorophore biosensors alongside FRET-based reporters, while also leading to increased coimaging of multiple single-fluorophore biosensors together.
Quantum dots (QDs) represent another avenue for the expansion of co-imaging methodologies. In particular, they have narrower excitation/emission spectra compared to FPs, in addition to superior brightness and photostability. Despite the noted advantages inherent to QDs, they are rarely used to study intracellular signaling events, as they do not readily cross the plasma membrane. However, recent advances have led to the development of polymer-coated QDs (pcQDs) that harness the cell-penetrating TAT-peptide, which facilitates internalization and avoids endosomal sequestration. Moreover, pcQDs were successfully targeted to intracellular proteins via conjugation of the pcQD to a specific antibody [7] . This serves as a proof of principle for the targeting of QDs to intracellular proteins and potentially anticipates the development of QD-based biosensors.
In addition to experimental improvements gained through biosensor evolution, novel computational approaches also offer a way toward enhanced multiparameter imaging. For example, linear unmixing is a computational method allowing for spectral separation of the individual signals from a mixture of fluorophores [20, 25, 71] . This technique was recently used to perform multiparameter imaging using a Sapphire/RFP-FRET-based Ca 2+ biosensor and a CY-FRET-based cAMP biosensor [48] . As this involves simultaneous excitation of the FRET donors, the temporal resolution of co-imaging experiments can be increased. However, this also requires the use of more elaborate imaging equipment capable of simultaneously separating and recording the individual emission channels.
As the inevitable march of progress leads to improved biosensors and more advanced imaging technologies, it is important to keep in mind that there will always be practical limitations on the number of parameters that can realistically be imaged within the same cell. Additional approaches are therefore being developed in order to generate a truly comprehensive model of signaling pathways, such as the ability to integrate and correlate the data from independent multiparameter imaging experiments [67] . For example, biosensors for the Rho GTPases Rac1, Cdc42, and RhoA were expressed in randomly migrating cells and imaged individually as well as co-imaged in pairs. In this study, cell protrusions provided a morphological reference for uniform pathway function and for making spatiotemporal comparisons between experiments. Cross-correlation analyses were then used to determine the relationships between cell protrusions and spontaneous fluctuations in biosensor activity, showing that RhoA plays a role in initiating cell protrusions, whereas Rac1 and Cdc42 stabilize newly formed protrusions [38] . Further application of these "computational multiplexing" approaches will help lift multiparameter imaging beyond its practical limitations. Thus, parallel tracking of different signaling activities via concurrent imaging of multiple fluorescent biosensors should allow researchers to directly observe and elucidate the intricate interconnections that underlie intracellular signaling networks.
